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Abstract 
The increasing use of lightweight materials and multi-material concepts in vehicle design has create challenges for traditional vehicle recycling. 
This has consequently caused the increasing contamination rate for valuable recovered materials, and increasing plastic materials being landfilled 
for end-of-life vehicles in Australia. A life cycle comparative analysis will be carried out based on the car door material audits for different 
vehicle age and model. The paper shows that the trend in vehicle design has improved the environmental impact in use phase; however, it has led 
to the exhaustive use of natural resources due to the down-cycling impact, hindering a sustainable global circular economy based on the Australian 
case scenario. 
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1. Introduction 
Environmental concerns have instigated the need for 
reducing fuel consumption and recovering material at the end-
of-life (EOL). In the move toward more sustainable vehicles, 
manufacturers have been designing different power train 
vehicles and also adopting lightweight materials in car 
manufacturing.  
In recent years, alternative materials have been increasingly 
used in manufacturing vehicles for weight reduction while 
retaining the safety performance and robustness. Vehicle 
manufacturers have focused on designing lightweight vehicles 
that use materials with high strength-to-weight ratio to reduce 
vehicle mass such as aluminium, magnesium, advanced high 
strength steel, fibre reinforced plastics, and composites.  
Combination of lightweight materials is widely used in the 
mass-optimised design approach in vehicles. The adoption of 
multi-material designs has been increasing to further optimise 
the overall mass of the vehicle for fuel efficiency, safety, 
comfort, and better environmental performance. However, 
material recovery at the EOL by traditional techniques is 
difficult due to the complexity of separating the material types 
while maintaining a high level of material purity [1].  
Life Cycle Assessment (LCA) is a widely used tool to assess 
the environmental performance of vehicle life cycle, and to 
assist manufacturers to produce low emission vehicles. 
Nevertheless, LCA is often limited by time delays and the 
inability to account for material degradation in a closed-loop 
system [2]. The materials and processes used to improve the 
quality of valuable materials recovered need to be included in 
the recycling phase rather than just accounting for the 
avoidance of virgin material production. This is crucial to 
ensure the resultant environmental performance from the life 
cycle analysis is targeted towards a realistic cradle to cradle 
approach.  
This paper investigates the impact of vehicle design trend on 
current recycling practices in Australia through a vehicle door 
case study. A thorough material audit was carried out for 4 
vehicle doors made from different manufacturers and years, 
1982 to 2013 providing a comprehensive material data for a 
comparative LCA highlighting the presence of contaminants 
during recycling phase. This study also assesses the sensitivity 
of the vehicle doors’ life cycle impact under different end-of-
life scenarios, to better understand the increasing challenges to 
achieve the sustainable circular economy. 
© 2016 The Authors. Published by Elsevier B.V This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. End-of-Life Vehicle Recycling in Australia 
From 2001 to 2015, new motor vehicle sales in Australia 
have increased by 48% [3]. When coupled with the average 
vehicle life in Australia of 10.1 years [4], it is expected that the 
number of vehicles reaching EOL will continue to increase. 
Based on the Australian Bureau of Statistics, about 765,828 
vehicles reach their end of use life between 2014 and 2015 [4]. 
In Australia, end-of-life vehicles (ELV) are passed from the 
last owner to the auto recyclers directly or through insurance 
companies, used car dealers or vehicle repairers [5]. Firstly, the 
ELV undergo depollution process to remove batteries and 
fluids. Valuable or high demand auto parts are removed and 
sold by the auto recyclers for financial gain. The ELV are then 
displayed for a period of time in the auto recyclers’ yard for 
further auto part removal by customers based on the market 
demand. After that, the remaining ELV are baled to ease 
transportation to metal shredding facility for further material 
recovery. The high level ELV material flow based on the 
current observation in the automotive industry can be seen in 
Figure 1. 
 
Figure 1: High Level ELV Flow in Australia. 
The ELV recycling industry in Australia is solely driven by 
financial gain [6]. There are no specific ELV recycling policy 
mandated to ensure safe disposal and recycling of ELV. The 
framework to address specific waste issues through co-
regulatory schemes by industry and government is captured 
under voluntary product stewardship arrangements such as the 
Product Stewardship Act 2011 [7]. However, ELV are not 
captured under this Act. 
2.1. ELV Material Flow in Shredder Facility 
As seen in Figure 1, other vehicle parts that are not recycled 
for secondhand market are sent to metal shredding yards for 
metal recovery. For many years, steel has been the major 
material recovered due to the high steel content in vehicles. 
Moreover, metal shredding yards in Australia serve as the 
feedstock for large steel mills such as OneSteel and Sims 
recycling. The business model focused on steel recovery is 
facing increasing challenges due to the complexity of multi-
material designs with the use of more light metals, plastic, and 
composite materials reducing yield. 
Automotive shredder residue (ASR) consisting of plastic, 
composites, rubber, and other non-recoverable materials is 
landfilled. This is a major concern due to the negative 
environmental impacts particularly with the increasing use of 
plastic and composites to further optimise the vehicle mass. 
Landfilling has been a driver for the implementation of vehicle 
recycling policy for countries such as Japan [8] but not in 
Australia. This practice is still common due to the relatively 
low ASR landfill costs in comparison to other countries [9]. 
2.2. Quality of Recovered Material 
Material degradation is inevitable due to the presence of 
contaminants in each valuable recovered material stream 
through the current recycling practice. This is caused by the 
combination of different material types or the part designs such 
as steel encapsulated with rubber, or the use of steel fasteners 
to combine steel and plastic materials. The contaminants’ 
material type has a large effect on the material quality when 
they are recycled to be reused as secondary material [10].  
There is a range of tolerable amount of contaminants that 
could be present in the steel scrap to ensure the secondary steel 
grades are fulfilled. For instance, bar steel made of steel scrap 
could have a maximum of 0.4wt.% copper content, whereas 
cold-rolled sheet only accept a maximum of 0.04wt.% copper 
content [11]. If the contaminated vehicle steel scraps were to 
be used to reproduce the original steel grade such as the cold-
rolled sheet, contaminants such as copper will need to be 
diluted using more high purity steel [2]. 
The recovery of different non-ferrous metals poses a more 
difficult challenge. The separation of different non-ferrous 
metals such as aluminium, magnesium, copper, and others can 
be costly to recyclers. Therefore, smaller fractions of non-
ferrous metal such as magnesium often ended up in other light 
metal fraction such as aluminium, or used as alloying additives 
[12].  
3. Methodology 
3.1. Objective of Study 
This paper assesses the environmental impacts of the 
material trend for different vehicle door designs in accordance 
to the ISO 14040 series [13]. Vehicle door material audits were 
carried out for a full-size sedan Australian vehicle made in 
1982 (Ford Falcon XE) and 1999 (Holden Commodore VT), a 
subcompact hatchback European vehicle made in 2009 (Ford 
Fiesta), and a subcompact hatchback Japanese vehicle made in 
2013 (Mazda 2). The sensitivity of the results with regard to 
varying recycling scenarios was explored. To account for a 
more realistic cradle to cradle analysis, the effect of material 
quality loss, and the use of primary materials for the production 
of acceptable material grades were included.  
3.2. System Boundary 
The environmental impact associated with production, use, 
transportation, and recycling phase of vehicle doors were 
included in this study. As door parts such as outside rear view 
mirror, vehicle door hinge, and cylinder door lock were missing 
for some vehicle door models, the analysis excluded them for 
comparability. The analysis only considered gasoline 
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consumption during use phase to represent the predominant 
fuel type in Australia.  
3.3. Functional Unit 
The functional unit was with respect to the production, use, 
and recycling of 0.1m3 vehicle door with an average use life of 
150,000km. Transportation was included for the respective 
phases based on the location of manufacturing site for the 
respective model and year. The Ford Falcon XE and Holden 
Commodore VT car doors only considered road transportation 
since they were locally made, whereas the Ford Fiesta and 
Mazda 2 car doors included the sea transportation because they 
were imported from Thailand. 
3.4. Life Cycle Inventory (LCI) 
A thorough material audit was carried out for a vehicle door 
for each respective model via manual dismantling. The material 
types for each vehicle door part were observed and the 
respective mass were recorded as shown in Table 1. The 
vehicle doors were then normalised based on their respective 
volume to be comparable. Table 2 shows the normalised 
vehicle door mass for each model with fixed volume and size. 
The trend of vehicle door material composition based on the 
material audit can be seen in Figure 2. 
Table 1: Material Composition for Different Vehicle Doors. 
Material  
Sampled Mass (kg) 
Falcon 
(1982) 
Commodore 
(1999) 
Fiesta 
(2009) 
Mazda 2 
(2013) 
Steel, Stainless steel 16.29 21.78 14.94 15.76 
Aluminium 0.62 0.67 0.24 0.08 
Plastic/Composites 0.33 2.34 4.93 4.20 
Copper, Wire, Brass - 0.23 0.44 0.26 
Glass 3.24 3.59 3.44 3.06 
Other non-metal 2.27 3.41 1.57 0.96 
Total 22.75 32.02 25.56 24.32 
Table 2: Volume-based Normalisation for Different Vehicle Doors. 
Description 
Falcon 
(1982) 
Commodore 
(1999) 
Fiesta 
(2009) 
Mazda 2 
(2013) 
Estimated volume (m3) 0.08 0.10 0.08 0.12 
Mass per 0.1m3 (kg) 28.68 31.42 31.06 21.16 
 
Table 3 shows the life cycle inventories for different vehicle 
door from cradle to grave that were modelled using the GaBi 
Professional v6.11 based on the material composition and 
assembly processes. The manufacturing processes for each 
material were considered based on the specific vehicle door 
parts. During the use phase, fuel efficiency improvements were 
included and estimated based on the curb weight for each 
respective model and reference year during the entire use life.  
 
Figure 2: Vehicle Door Material Composition in Australia. 
To account for the material quality loss impact on the LCA, 
additional high purity material in the next life cycle needs to be 
considered. In this study, only the copper contaminants in 
thesteel scrap were included in the analysis, and were estimated 
to be 0.26wt% [15,16]. Therefore, there was no contamination 
for the Ford Falcon XE vehicle door’s steel scrap due to the 
absence of copper in the material audit. The dilution process 
was based on the maximum copper content of 0.04wt.% to be 
reused as cold-rolled sheet [2,11]. It was estimated that 1kg of 
steel scrap contaminated with copper required 5.5kg of high 
purity pig iron to be added into the new mix/alloy to obtain the 
required steel grade. This was calculated based on the pig iron 
material composition obtained from Kalpakjian et al. [17]. 
Table 3: Vehicle Door LCI. 
Phase Falcon 
(1982) 
Commodore 
(1999) 
Fiesta  
(2009) 
Mazda 2 
(2013) 
Production Steel – steel cast part machining, steel cold rolled 
coil, steel sheet stamping and bending 
Aluminium – aluminium extrusion profile, die cast 
Plastic/Composite – Polypropylene and ABS 
injection moulding, Fibre reinforced SMC 
Rubber – Vulcanisation of synthetic rubber 
Wire – Copper wire with 0.06mm diameter 
Glass – Float flat glass 
Leather – PVC synthetic leather 
Foam – Polyurethane rigid and flexible foam 
Transportation  
 
The distance is estimated to be 100 km via 27t 
payload capacity truck to assembly plant, shredder 
facility and landfill site. 
Transportation 
(distribution center) 
200 km via 27t payload 
capacity truck 
8,600 km via 200t bulk 
commodity carrier ship 
Use (150,000km) 16.7L/kg 12.6L/kg 9.5L/kg 9.8L/kg 
Recycling  The recovery rates were estimated from literature, and 
resemble the current recycling practice in Australia. 
Value-corrected substitution method was used to 
resemble the down-cycling impact using the scrap 
credit LCI data from GaBi database.  
Steel/Stainless steel - 96% [18] 
Aluminium - 33.11% (averaged from [19,14]) 
Copper/Wire - 48% [15] 
ASR - Mixtures of plastic, rubber, glass, cardboard, 
foam, leather, and dust were landfilled.  
 
3.5. Life Cycle Impact Assessment (LCIA) 
To understand the environmental impact contribution for 
each category, LCIA was carried out according to the ILCD 
2011 v1.0.6 midpoint method as recommended by the 
Australian Life Cycle Assessment Society [20]. The midpoint 
0%
20%
40%
60%
80%
100%
1982 1999 2009 2013
Other non
metallic materials
Glass
Copper, Wire,
Brass
Aluminium
Plastic/Composite
Steel, Stainless
steel
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indicators were normalised for comparability with reference to 
person equivalent. Land use impact was excluded due to the 
lack of information in GaBi Database. 
4. Results 
4.1. Life Cycle Impact Assessment Results 
The midpoint indicators such as climate change, ozone 
depletion, human and freshwater toxicity, respiratory 
inorganic, ionising radiation, photochemical ozone formation, 
acidification, eutrophication, water and resource depletion are 
presented in Figure 3, 4 and 5. These midpoint impacts are 
based on the relative contribution to the 3 main areas of 
protection: human health, ecosystem quality, and natural 
resources [21,22]. Use phase is the major contributor to the 
environmental impact except for the mineral and fossil 
depletion impact that is dominated by the manufacturing phase. 
In overall, the vehicle door has the greatest impact on human 
toxicity-cancer effects due to the heavy metals emission to 
freshwater during use phase such as chromium, arsenic, nickel, 
cadmium, lead and mercury. 
Despite the environmental improvement seen for newer 
vehicle door design due to better fuel efficiency, the positive 
offset of environmental burden through recycling is showing a 
diminishing trend for most of the impact. The reduced use of 
steel materials for different vehicle door manufacturing has 
caused the decreasing amount of materials recovered to be 
reused. In addition, the increasing use of plastic and composite 
materials has also contributed to the low positive 
environmental offset since they are currently landfilled.  
The mineral, fossil and resource depletion has increased for 
newer vehicle door designs with reference to the Falcon vehicle 
door, as shown in Figure 5. This is largely contributed by the 
mass of copper wire production used as part of the electronic 
components for power window system. There is no 
improvement through the recycling phase due to the decreasing 
amount of ferrous materials being recycled, and the low 
recycling efficiency for copper and aluminium materials. It is 
worth noting that the material recycling efficiency may vary for 
different vehicle door models although a constant recovery 
efficiency was used in this case study for comparison purpose. 
To account for a more complete life cycle analysis, steel 
quality loss due to copper contaminants were considered by 
including the dilution process of high purity steel as mentioned 
in Section 2.2. The steel degradation has a significant impact 
on the climate change, photochemical ozone formation, 
acidification, human toxicity, and terrestrial eutrophication as 
can be seen in Figure 3 and 4. This is due to the air emissions 
such as nitrogen oxides, carbon dioxide, and sulfur dioxide 
during the extraction and processing of high purity steel. It is 
shown that the environmental impact could potentially increase 
by more than 68% based on the climate change impact. 
For an effective assessment of the current state of 
environmental sustainability, the concept of planetary 
boundary needs to be incorporated [22]. The midpoint 
indicators contributing to the planetary system were normalised 
based on global carrying capacity [23] to have a better 
understanding of the affected ecosystems. It is found that 
climate change and ozone depletion midpoint indicators have 
increased by 9.2 and 8.4 times from the normalised midpoint 
indicators based on ILCD respectively. These categories have 
a significant impact in comparison to other midpoint indicators 
and they are well exceeding the current global carrying 
capacity [23]. 
4.2. Recycling Sensitivity Analysis 
A sensitivity analysis was carried out for varying recycling 
processes for the currently landfilled ASR such as plastic 
recycling and incineration, as shown in Table 4. The 
environment improvements are insignificant in comparison to 
the reference recycling scenario; nevertheless, plastic recycling 
offers an improvement at most by 25.87% as seen for the 
freshwater eutrophication in Ford Fiesta, whereas incineration 
increases the climate change impact at least by 1.26% for newer 
vehicle door design. 
 
 
 
Figure 3: Midpoint Indicators Contributing to Human Health. 
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Figure 4: Midpoint Indicators Contributing to Ecosystem Quality. 
 
Figure 5: Midpoint Indicators Contributing to Natural Resources. 
5. Discussion/Analysis 
Although the environmental performance has shown 
improvements for vehicle door made in more recent years, the 
resource depletion has shown more significant impact. This is 
particularly the case when copper materials are increasingly 
used in newer vehicle design. The development in automotive 
manufacturing design has led to the improvement in use phase 
that is the major contributor to the overall environmental 
impact; however, it also leads to the exhaustive use of more 
natural resources, causing a rebound effect [6]. 
The commonly used LCA method to assist in sustainable 
manufacturing needs to address the down-cycling impact 
more effectively by considering the additional processes to 
recover targeted material quality. This study shows that the 
consideration for material quality loss produces a different 
Table 4: Sensitivity Analysis for Different ASR Recycling Scenarios. 
Vehicle Type Recycling Scenarios CC OD POF AP EF EM ET FET WD MFRD 
Falcon Landfill (reference) 100 100 100 100 100 100 100 100 100 100 
Plastic recycling -0.21 -0.65 -0.08 -0.08 -1.37 -0.40 -0.08 0.01 0.10 -0.01 
Incineration -0.07 -0.79 -0.31 -0.36 -6.59 -0.43 -0.28 -0.88 0.11 -0.99 
Commodore Landfill (reference) 100 100 100 100 100 100 100 100 100 100 
Landfill & material quality loss 68.57 22.44 29.91 26.48 1.40 2.60 24.99 5.55 -3.66 11.53 
Plastic recycling -1.29 -4.19 -0.48 -0.49 -8.53 -2.56 -0.47 0.06 0.62 0.00 
Incineration 1.26 0.22 -0.37 -0.24 -12.57 -0.86 -0.25 -1.19 0.12 -0.04 
Fiesta Landfill (reference) 100 100 100 100 100 100 100 100 100 100 
Landfill & material quality loss 72.20 25.49 32.85 29.06 1.45 2.84 27.30 5.95 -3.88 4.37 
Plastic recycling -4.04 -14.21 -1.58 -1.59 -25.87 -8.33 -1.54 0.20 1.96 0.00 
Incineration 4.51 0.45 -0.41 -0.15 -20.47 -1.47 -0.11 -0.82 0.28 -0.01 
Mazda 2 Landfill (reference) 100 100 100 100 100 100 100 100 100 100 
Landfill & material quality loss 78.54 26.98 35.37 31.45 1.64 3.10 29.58 6.57 -4.37 7.62 
Plastic recycling -3.64 -12.47 -1.41 -1.43 -24.15 -7.55 -1.38 0.19 1.83 0.00 
Incineration 4.11 0.40 -0.31 -0.09 -17.85 -1.24 -0.05 -0.59 0.27 -0.02 
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environmental impact result in comparison to the standard 
practice that is crucial for addressing a sustainable circular 
economy. The goal is not just to design for better end-of-life 
recovery but also to reduce the demand for natural resources, 
and sustaining the reusability of recovered materials at the 
same quality in a continuous closed loop system. 
Looking from the perspective of planetary boundary, it is 
undeniable that fuel efficiency improvement through multi-
material designs is crucial to address the impacts associated to 
climate change and photochemical ozone formation. When 
comparing the impact indicators normalised based on ILCD, 
human toxicity, respiratory inorganics, and resource depletion 
are indicating a greater impact in comparison to climate change 
and photochemical ozone formation. It is unclear which impact 
category contributed the most to the overall impact since the 
current defined global carrying capacity only considers known 
impact threshold of the Earth’s sustainability.  
The phase out of local manufacturing facility in the 
Australian automotive industry has led to the importation of 
vehicle. As a consequence, the environmental impact of 
transportation has increased due to shipping, and this is 
influenced by the distance travelled. The contribution to the 
overall impact is still insignificant in comparison to use phase. 
6. Conclusion 
To achieve a sustainable circular economy in the global 
vehicle industry, a more holistic environmental assessment 
needs to be addressed. The impurities presence in the different 
valuable recovered streams need to be included in the life cycle 
analysis. This would lead to a better informed decision to 
improve the recyclability of high quality materials. Although 
many vehicle manufacturers have stopped their local 
production line in Australia, resources for the global vehicle 
production site are still obtained worldwide. Therefore, the 
Australian vehicle recycling industry plays a role to ensure 
valuable materials from ELV are recovered with high quality 
for reuse.  
The increasing complexity for multi-material designs has 
further hindered material recovery with high purity. 
Consequently, the continuous extraction of natural resources is 
not prevented due to the demand for high purity material. 
Therefore, it is crucial to acknowledge the material degradation 
issue and ensure an optimised product design for recycling 
based on the current recycling practices.  
It is shown that the current recycling practices are catering 
well for the traditional vehicle door design rather than the 
newer vehicle door design. However, significant 
environmental improvement can be seen for newer vehicle 
door design through plastic recycling and incineration. These 
new recycling approaches are not economically viable due to 
the low market demand for secondary plastic materials and the 
additional cost for incineration although they provide better 
environmental performance. A sustainable circular economy 
would be increasingly challenging if the new recycling 
approaches are not market-driven and unprofitable. 
From the sensitivity analysis, plastic recycling provides 
better environmental improvement in comparison to 
incineration. Therefore, ASR consisting of mainly plastics 
should undergo further post shredder treatment to improve the 
environmental performance in the recycling phase particularly 
for newer vehicle door designs. Since the Australian recycling 
industry is profit driven, new recycling waste policy plays a 
major role in ensuring further recovery of less profitable 
materials such as plastics and composites. 
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